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ABSTRACT 
Bacterial sialidases cleave terminal sialic acid from a variety of host glycoproteins, and contribute 
to survival and growth of many human-dwelling bacterial species, including various pathogens. 
Tannerella forsythia, an oral, Gram-negative, fastidious anaerobe, is a key organism in periodontal 
disease, and possesses a dedicated sialic acid utilisation and scavenging (nan) operon, including 
NanH sialidase. Here, we describe biochemical characterisation of recombinant NanH, including its 
action on host-relevant sialoglycans such as sialyl Lewis A and sialyl Lewis X (SLeA/X), and on 
human cell-attached sialic acids directly, uncovering that it is a highly active broad specificity 
sialidase.  Furthermore, the N-terminal domain of NanH was hypothesised and proven to be capable 
of binding to a range of sialoglycans and non-sialylated derivatives with Kd in the micromolar range, 
as determined by steady-state tryptophan fluorescence spectroscopy, but it has no catalytic activity 
in isolation from the active site. We consider this domain to represent the founding member of a 
novel subfamily of Carbohydrate Binding Module (CBM), involved in glycosidase-ligand binding.  
In addition, we created a catalytically inactive version of the NanH enzyme (FRIPĺYMAP) that 
retained its ability to bind sialic acid-containing ligands and revealed for the first time that binding 
activity of a CBM is enhanced by association with the catalytic domain.  Finally, we investigated 
the importance of Lewis-type sialoglycans on T. forsythia-host interactions, showing that 
nanomolar amounts of SLeA/X were capable of reducing invasion of oral epithelial cells by T. 
forsythia suggesting that these are key ligands for bacterial-cellular interactions during periodontal 
disease. 
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INTRODUCTION 
 
Tannerella forsythia is a Gram-negative anaerobic pathogen of the phylum Bacteroidetes, strongly 
associated with periodontal disease in humans [1].   Recent years have seen great strides forward in 
knowledge of the physiology and virulence factors of this previously under-studied organism [2], a 
fact that was mostly down to its fastidious growth requirements and requirement for inclusion of N-
acetyl muramic acid (NAM) in growth media [3].  In particular, our group has shown that, at least 
in laboratory biofilm conditions, and possibly in vivo, NAM can be replaced by sialic acid as a 
growth factor for T. forsythia [4,5].  This ability to utilise sialic acid is dependent on a large sialic 
acid utilisation and harvesting locus [4,6,7], that are dedicated to the utilisation of free-
monosaccharide sialic acid whereas in the human context sialic acid is found in a glyco-conjugated 
form attached most-often as the terminal moiety on N- or O-linked sialyl-glycoproteins or 
glycolipids, commonly known as sialoglycans [8].  Thus, unsurprisingly, bacteria have evolved the 
ability to release free-sialic acid from sialo-glycoproteins using surface-bound and secreted 
enzymes known as sialidases (or neuraminidases) that are capable of cleaving the Į2,3 or Į2,6 
linkages that covalently attach sialic acid to underlying glycans [9±11]. Sialidases are a well 
conserved group of enzymes with well-studied examples including viral sialidases that are 
important for virulence, e.g. the neuraminidase of Influenza A viruses  [12].  In the oral context, 
sialic acid is abundant in secretions such as saliva and the fluid located in sub-gingival 
environments, namely gingival crevicular fluid (GCF) [9]. Several groups of oral bacteria are 
known to produce sialidases, including several Streptococcus spp., Actinomyces naeslundii, 
Capnocytophaga spp., Treponema denticola and oral Bacteroidetes such as Porphyromonas 
gingivalis and Tannerella forsythia [9,13,14]. Their importance in virulence of periodontal 
pathogens is emerging, with mutants of P. gingivalis, T. denticola and T. forsythia that lack 
sialidases all being less virulent than their parent strains [13±15].  In addition it has now been 
shown that sialidase activity is raised in periodontal pockets in periodontitis and that high sialidase 
activity is indicative of poor prognosis to standard treatment, indicating its importance in clinical 
disease  [16]. 
 
Recent work in our laboratory and others has revealed that T. forsythia produces a large sialidase 
enzyme (~57.4 kDa) with the ability to cleave sialic acid from the surface of human cells but also 
the model glycoprotein fetuin alongside more heterogeneous glycans contained within bovine 
submaxillary mucin and human saliva [15,17,18].  However, the exact nature of which 
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physiologically relevant epitopes it might target and detailed biochemical knowledge of its action 
are not known. In this paper, we have undertaken biochemical studies on the activity of this 
sialidase, characterised a novel Carbohydrate Binding Module (CBM), investigated its interactions 
with physiologically relevant ligands (Lewis-type), and identified the potential role of these ligands 
on interactions at the host-pathogen interface. 
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METHODS 
 
Bacterial Cell Culture ² Tannerella forsythia strains ATCC 43037 and 92A.2 (gift from Floyd 
Dewhirst, Forsyth institute, Boston, USA) were grown on Fastidious Anaerobe Agar (FA; Lab M) 
supplemented with 5 % oxalated horse blood (Oxoid), 10 µg/mL NAM and 50 µg/mL gentamicin at 
37 °C in an anaerobic cabinet with an atmosphere of 10 % CO2, 10 % H2 and 80 % N2.  Liquid 
cultures were grown in Tryptic Soy Broth (Oxoid) containing 0.4 % Yeast Extract, 10 µg/mL NAM, 
50 µg/mL gentamicin, 5 µg/mL haemin and 1 mg/mL menadione.  Escherichia coli strains were 
cultured in lysogeny broth (LB) at 37 °C with vigorous aeration, or on a solid LB medium 
containing 1.5 % bacteriological agar (Oxoid). Selective antibiotics were added to appropriate 
concentrations (e.g. 50 µg/mL ampicillin) prior to inoculation. 
 
Epithelial Cell Culture ² Cell culture and setup of invasion assays (below) was performed as 
previously described [19]. The oral squamous cell carcinoma (OSCC) cell line H357 was grown 
and maintained in T175 cm2 tissue culture flasks (Greiner) at 37 °C LQ'XOEHFFR¶V0RGLILHG(DJOH
Medium (DMEM; Sigma-Aldrich) supplemented with 10 % (v/v) foetal bovine serum (FBS; Sigma-
Aldrich) and 2 mM L-glutamine (Sigma-Aldrich) in an atmosphere containing 5 % CO2.  Cells 
were grown under submerged conditions, trypsinised upon reaching 80 to 90 % confluence, counted 
using a haemocytometer and adjusted to 5 × 103 cells/mL and seeded into 24-well tissue culture 
plates (Greiner) with 1 mL of cell suspension per well, and left to grow for a further 48 h before cell 
adhesion/invasion assays were performed. 
 
Adhesion and Invasion Assay ² Assessment of the effect of exogenous ligands on host cell-T. 
forsythia association was performed using an adaptation of a previously described method [19].  
Plate-cultured (5 days) T. forsythia ATCC 43037 were washed (3x) in Phosphate Buffered Saline 
(PBS; Sigma-Aldrich), counted in a Helber counting chamber and adjusted to 107 cells/mL.  Semi-
confluent H357 cell monolayers (at approximately 105 cells per well) were washed three times with 
PBS and incubated with bacteria at an MOI of 1:100 (5 % CO2 at 37 °C) for 90 min. 0.22 µm Filter-
sterilised solutions of Sialyl Lewis X (SLeX), Sialyl Lewis A (SLeA), Lewis X (LeX), Lewis A (LeA), 
3'-sialyllactose (3-SL) and 6'-sialyllactose (6-SL) sodium salts &DUERV\QWKDQGĮ-lactose 
monohydrate (Sigma-Aldrich) were added to a final concentration of 10 nM at the beginning of this 
incubation period.  Non-adherent bacteria were then removed by washing with PBS (3x), and the 
total number of T. forsythia cells associated (invaded and adhered) with host cells was determined 
by osmotic cell lysis and plated by the Miles-Misra method (5 µL serial dilutions) in triplicate on 
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FA-NAM agar. To determine the number of invaded T. forsythia, cell surface-associated bacteria 
were killed by exposure to media FRQWDLQLQJȝJ/mL metronidazole (1 h) before the cells were 
washed with PBS (3x), before internalised bacteria were released via osmotic shock and 
enumaerated as before. The number of colonies of T. forsythia invaded and adhered (obtained by 
subtracting the total associated with the corresponding invaded count) were recorded and presented 
as means ± S.E.M., expressed as percentages of the number of viable bacterial count in the starting 
suspension which had been similarly exposed to the aerobic atmosphere and maintained in parallel 
with the invasion cultures. Statistical analysis was performed using one way ANOVA with 
Bonferroni correction for multiple comparisons, in Prism 7 (GraphPad Software), statistical 
significance inferred with a P-value of <0.05. 
 
Cloning of the NanH Sialidases and Derivatives ² The N-terminal region of BFO_2207 (NanH, 
AEW22573.1) lacking the Sec-dependent secretion sequence (as predicted by SignalP 4.1 Server) 
was PCR amplified using Phusion high-fidelity DNA polymerase (New England Biolabs) from the 
genomic DNA of T. forsythia ATCC 43037 using primers BFO_2207N-NdeI-F (5ƍ-
AATACATATGGCGGACAGTGTTTAC-3ƍ) and BFO_2207N-XhoI-R (5ƍ-
AATACTCGAGCCCCATACGGCGCAC-3ƍ) to produce the carbohydrate-binding module (CBM; 
residues 33 to 197).  The amplicon was inserted into the NdeI and XhoI sites of pET21a(+) 
expression plasmid (Merck Millipore), verified by sequencing and termed NanH-CBM in this 
manuscript (Core Genomic Facility, University of Sheffield).  The entire open reading frame 
without the secretion sequence of T. forsythia nanH was synthesised (Eurofins) in an E. coli codon-
optimised construct according to the sequence from the publically available genome sequence of T. 
forsythia 92A.2, which at the time was believed to be from strain 43037, but which was later 
identified as 92A.2 due to a misannotation (F. Dewhirst, Forsyth Institute, personal communication) 
such that changes in codon usage resulted in no changes in primary amino acid sequence.  However, 
for the nanH gene, the mature 92A.2 and 43037 versions are 99% identical, excluding the signal 
sequence. Throughout the whole enzyme (539 amino acid residues) there are only eleven 
substitutions, of which none are within the FRIP motif or Asp-boxes (Supplementary figures S1 and 
S2). The gene was sub-cloned from the holding plasmid, pMA-RQ, into pET21a(+) using NdeI and 
XhoI as above, and its sequence was confirmed by DNA sequencing as above.  Point mutants of 
nanH were produced using primers BFO_2207-YMAP-F (5ƍ-
GCACCCGGATTAGTGACAACGAACAAAG-3ƍ) and BFO_2207-YMAP-R (5ƍ-
CATATAAGAGGCTGATCCGTCGTC-3ƍ), resulting in a change in the amino acid sequence from 
FRIP to YMAP in the active site region (aa 211±214) using the QuikChange Site-Directed 
Mutagenesis Kit (Stratagene) according to the manufacturer¶s instructions.  
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Production of Recombinant NanH, NanH Point Mutants and CBM Domains ² E. coli %/Ȝ'(
was transformed with expression plasmids, grown as LB with 1 mM IPTG (isopropyl-ȕ-D-
thiogalactopyranoside) induction at OD600 = 0.6, for 5 h at 37 °C with agitation.  Cells were 
harvested and resuspended in 50 mM sodium phosphate, pH 7.4, 200 mM NaCl, 25 mM imidazole, 
disrupted using a French pressure cell at 1050 psi (2x), and soluble fractions clarified by further 
centrifugation (10,000 × g, 30 min, 4 °C).  The C-terminally hexahistidine-tagged proteins were 
purified using a 1-mL HisTrap HP Ni2+-sepharose affinity chromatography column (GE Healthcare), 
and eluted with a 50 to 200 mM imidazole gradient on an ÄKTAprime plus (GE Healthcare).  
Purified proteins were dialysed against 50 mM sodium-potassium phosphate, pH 7.4, 200 mM NaCl, 
concentrated using a MWCO 10,000 Vivaspin column (GE Healthcare) where necessary, and their 
concentrations determined using the Pierce BCA Protein Assay Kit (Thermo Scientific). 
 
Ligand Binding Studies ² The binding characteristics of purified NanH-CBM with candidate 
substrates were investigated by steady-state tryptophan fluorescence spectroscopy (the CBM 
possesses one tryptophan residue).  Proteins were diluted in 50 mM sodium-potassium phosphate, 
pH 7.4, 200 mM NaCl, to a final concentration of 0.1 µM, from which 200 µL volumes were 
dispensed into the wells of an optically clear, flat-bottom 96-well plate (Greiner).  Substrates at 
different concentrations were then pipetted into the wells and the microtitre plate was left to 
incubate at 25 °C for 10 min.  The quenching of intrinsic tryptophan fluorescence was measured at 
25 °C in a fluorescence spectrometer (Tecan M200) with the excitation wavelength set to 295 nm (5 
nm slit-width) and emission spectra recorded over a scan range of 300±380 nm (10 nm slit-width).  
By monitoring the background fluorescence signal of NanH-YMAP or NanH-CBM to which no 
substrate was added, it was found that any downward drift was relatively minor when compared 
with the quenching of fluorescence signal due to a substrate-binding event. Corrections of 
fluorescence titration data were therefore not deemed to be necessary.  Nonlinear regression and 
curve fitting of titration data were performed in Prism 7 (GraphPad Software), with the equilibrium 
dissociation constants (Kd) for one site-specific binding calculated using Equation 1, 
 
Y = Bmax ·  X/(Kd + X)     (1) 
 
in which X is the final concentration of ligand, Y is the percentage increase in protein quenching in 
relative to protein-only fluorescence signal, while Bmax is the extrapolated maximum specific 
binding. 
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pH Optima of T. forsythia Sialidase From Live Bacteria and of Purified NanH ² Three-day 
cultures of T. forsythia were harvested from FA-NAM agar plates, resuspended in PBS, and washed 
twice by centrifugation at 10000 × g for 2 min and resuspended in PBS to OD600 = 1.0. T. forsythia 
suspension was added to the wells of a 96-well, clear, flat-bottomed plate (Greiner), and then 
diluted 1 in 20 in buffers of variable pH containing 20 mM of either sodium citrate-citric acid (pH 
3.0±6.4), sodium phosphate monobasic-dibasic (pH 6.8±8.8), or sodium carbonate-sodium 
bicarbonate (pH 9.2±10.5) (buffers prepared according to instructions supplied by Sigma Aldrich). 
Buffers also contained 0.1 mM 4-methylumbelliferyl N-acetyl neuraminic acid (MU-NANA; 
Carbosynth), which results in the liberation of methylumbelliferone (4-MU) from MU-NANA. T. 
forsythia-MU-NANA reactions were incubated at 37 °C and stopped at 30 min intervals by 
quenching the reaction in 100 mM sodium carbonate-sodium bicarbonate buffer, pH 10.5, with a 
volume ratio of 1:1.5. This also equilibrated the pH in all reactions and enabled maximum 
fluorescence of 4-MU during quantification. A microplate reader (Tecan Infinite M200, Tecan), 
was used to quantify sialidase activity by measuring 4-MU fluorescence Ȝex  QPȜem = 450 
nm).  To assay purified NanH, reactions were performed as described for live bacteria, but NanH 
was present in reactions at 2.5 nM, and reactions were quenched by the addition of the described 
sodium carbonate buffer every 30 s. 
 
Reaction Kinetics of Purified NanH and MU-NANA ² Reaction kinetics of NanH under pH 
optimum and physiological mimicking conditions were obtained: 2.5 nM NanH was incubated in 
the presence of a variable concentration of MU-NANA (0±200 µM), in one of four different buffers 
appropriate to their pH buffering ranges (20 mM sodium citrate-citric acid, pH 5.6, or 20 mM 
sodium citrate-citric acid with 200 mM NaCl, pH 5.6, or 20 mM sodium phosphate monobasic-
dibasic pH 7.4, or 50 mM sodium phosphate monobasic-dibasic, with 200mM NaCl, pH 7.4).  
Reactions were quenched by the addition of 100 mM sodium carbonate buffer, pH 10.5, every 30 s 
at a volume ratio of 1:1.5 (reaction: sodium carbonate), and sialidase activity quantified by 
measuring 4-MU fluorescence Ȝex  QPȜem = 450 nm).  Against a standard curve of the 
fluorescence signal of 4-MU at defined concentrations, sialidase activity was expressed as 4-MU 
released, µmol/min/mg NanH. 
 
Nonlinear regression and curve fitting of the time course data (4-MU release by NanH) were 
performed in Prism 7 (GraphPad Software) to obtain the maximal enzyme velocity (Vmax) and 
Michaelis±Menten constants (KM), as calculated using Equation 2, 
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v0 = Vmax ·  [S] / (KM + [S])                        (2) 
v0 = kcat ·  [Et] ·  [S] / (KM + [S])          (3) 
 
in which v is the reaction rate, [S] is the concentration of substrate MU-NANA, plotted as initial 
velocity (v0), at a specific [S] on the Y- and X-axes, respectively. Substrate turnover, kcat, was 
calculated from the concentration of enzyme site (Et) as shown in Equation 3. 
 
Reaction Kinetics of Purified NanH and Host-Relevant Ligands ² To obtain the glycosidic linkage 
SUHIHUHQFHRI1DQ+IRUĮ-3- RUĮ-6-linked sialic acid, and preference for SLeA or SLeX under 
physiological-mimicking conditions, 50 nM NanH was incubated in the presence of variable 
concentrations of 3-SL, 6-SL, SLeA or SLeX (Carbosynth) in 50 mM sodium phosphate monobasic-
dibasic buffer, 200 mM NaCl, pH 7.4, for up to 10 min at 37 °C.  Reactions were halted by the 
addition of 25 µL sodium periodate to 50 µL reaction mixture. This commenced the first step of a 
modified version of the thiobarbituric acid (TBA) assay, for assessment of free sialic acid [20,21]. 
50 µL of these reactions containing sialic acid were added to 25 µL of 25 mM sodium periodate 
(Sigma Aldrich) in 60 mM H2SO4 (Thermo Fisher) and incubated for 30 min at 37 °C.  This 
oxidation step was stopped by the addition of 20 µl of 2 % (w/v) sodium meta-arsenite (Sigma 
Aldrich) in 500 mM HCl.  47 µL of this reaction was added to 100 µl of 100 mM TBA, pH 9.0, and 
incubated at 95 °C for 7.5 min, resulting in the thiol-labelling of free sialic acid.  Upon 
centrifugation at 1500 × g for 5 min, the pink chromophore in the clarified supernatant was 
spectrophotometrically quantified at A549.  A standard curve of known sialic acid (Neu5Ac, 
Carbosynth) concentrations was used to calculate sialic acid release in µmol/min/mg NanH. After 
plotting sialic acid release under different concentrations of substrates (3-SL, 6-SL, SLeA and SLeX), 
the kinetic parameters KM, kcat and Vmax were determined as above for MU-NANA, using Equations 
2 and 3. 
 
Sialidase Treatment, 3- and 6-Linked Sialic Acid and Sialyl Lewis Staining ² H357 cells were 
passaged as described, seeded onto glass coverslips, one per well in a 24-well tissue culture plate 
(Greiner, 1 × 105 cells/well).  Cells were incubated overnight at 37 °C in 5 % CO2.  Adhered cells 
were washed twice in PBS, and incubated in 50mM sodium phosphate monobasic-dibasic, 200 mM 
NaCl, pH 7.4, with or without 200 nM NanH at 37 °C in 5 % CO2 for 2 h.  Treated cells were then 
washed twice in PBS and fixed by incubation in 2 % paraformaldehyde at 4 °C for 16±18 h or 
37 °C for 15 min.  Fixed cells were stained for SLeX or SLeA E\LQFXEDWLRQZLWKȝJmL anti-
SLeX ,J0RUȝJmL anti-SLeA IgG1 mouse monoclonal antibodies (Merck Millipore), 
respectively, at 37 °C for 45 min.  Negative isotype controls were generated by incubating PBS-
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WUHDWHGFHOOVZLWKȝJ/mL mouse anti-rat IgM (Sigma-$OGULFKRUȝJmL mouse anti-rat IgG1 
(Bio-Rad) and incubated as above.  SLeX, SLeA and isotype stained cells were washed twice with 
3%6DQGLQFXEDWHGZLWKȝJmL goat anti-mouse Alexa Fluor 488 dye (Life Technologies) at 
37 °C for 45 min.  Coverslips with stained cells were mounted onto glass microscope slides using 
ProLong Gold antifade reagent with DAPI (Life Technologies). For 3- and 6-linked sialic acid 
staining, NanH-treated cells were stained with lectins from Sambucus nigra (SNA) and Maackia 
amurensis (MAA).  &HOOVZHUHLQFXEDWHGZLWKȝJmL SNA-fluorescein isothiocyanate conjugate 
(SNA-FITC; Vector LDEVRUȝJmL biotinylated-MAA (Vector Labs), for 30 min at 37 °C with 5% 
CO2.  Cells were washed twice with 500 ȝ/ PBS and in conditions containing biotinylated lectin, 
XQGHUZHQWDVHFRQGLQFXEDWLRQZLWKȝJmL Texas Red-Streptavidin, for 30 min at 37 °C.  Lectin-
stained cells were washed three times with 500 ȝ/ PBS and fixed with 500 ȝ/ 2% (w/v) 
paraformaldehyde (PFA) for 15 min at 37 °C. 
 
Visualisation and Quantification of SLeX and SLeA ² After mounting, cells were visualised using 
an Axiovert 200 fluorescence microscope (Zeiss) and AxioVision image analysis software (version 
4.6; Zeiss) under 400 × magnification using blue (DAPI) and green (Alexa Fluor 488) channels.  
Fluorescence intensity and exposure time for each image was set manually, and remained constant 
during for all conditions during each experiment.  Fiji image analysis software [22] was used to 
process all images, with processing parameters (i.e. background fluorescence subtraction) kept 
constant between all images. In addition to visual examination, the level of SLeX or SLeA in each 
condition was quantified using the mean pixel intensity of the green channel, normalised to cell 
number, in three fields of view, in three separate experiments, and expressed as the mean 
fluorescence ± S.E.M. 
 
RESULTS AND DISCUSSION 
 
NanH is a highly active sialidase with broad pH activity  
Sialidases are a phylogenetically broadly distributed group of enzymes that have highly conserved 
catalytic domains with a characteristic 5±6-blade ȕ-propeller structure and are classified as GH33 
Glycosyl Hydrolase Carbohydrate Active Enzymes [23±25].  The sialidase from T. forsythia 
contains typical sialidase conserved primary sequence motifs, such as the five Asp-boxes (with the 
sequence Ser/Thr-X-Asp-X-Gly-X-Thr-Trp/Phe, where X represents any amino acid) that are 
evenly spaced throughout the sialidase structure, the F/YRIP motif and a conserved catalytic 
arginine triad that often co-ordinates the carboxylate group of sialic acid (Supplementary figures S1 
and S2, [24,26]). Alignment of the T. forsythia NanH amino acid sequence reveals that its closest 
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homologues are putative sialidases from Parabacteroides distasonis (74 % identical), 
Parabacteroides gordonii (75 % identical) and Bacteroides fragilis (66 % identical). 
 
Typically, bacterial sialidases function with an acidic pH optimum of around pH 5±6, and a 
previous study which expressed the T. forsythia NanH in E. coli and analysed its biochemical 
activity from E. coli cell lysates only observed a pH optimum of pH 5.5 [18].  However, in order to 
more thoroughly examine the biochemical properties of this enzyme we cloned and expressed a 
codon-optimised version of the T. forsythia NanH sialidase in E.coli, with a C-terminal 
hexahistidine-tag.  In contrast to previously produced native T. forsythia gene sequence based 
clones [15,17], we were able to produce the enzyme at high levels in a soluble form without the 
need for complex purification protocols and purified it to high homogeneity (Supplementary figure. 
S3).  In order to determine the activity and specificity profile of this purified recombinant version of 
NanH, we performed activity assays using the MU-NANA substrate across a range of pH values, 
showing that NanH has optimal activity at around pH 5.2±5.6 and is active across a wide range of 
pH values (Figure 1A), still being ~30 % of maximal activity at pH 7.6. 
 
In addition, we assessed the activity of this enzyme in its native context, i.e. in assays using two 
strains of T. forsythia (ATCC 43037 and 92A.2) in whole cell assays.  These were performed in the 
manner described for purified NanH, except that standardised amounts of bacterial cells were used 
in place of purified enzyme, and revealed largely similar trends to the NanH data except that the pH 
optimum was slightly higher, and the activity profile even broader with ~30±40 % of activity 
maintained even at pH 8 (Figures 1B and 1C). 
 
These findings fit well in the context of the subgingival biofilm niche that T. forsythia chiefly 
inhabits, where studies have detected a link between inflammation and pH of the GCF, i.e. a basic 
pH was associated with periodontitis progression [27]. However, others have failed to find this 
association [28], or that there are wide variations in pH even within a single periodontal pocket [29].  
Differing pH is also seen in the supra-gingival environment, where pH has been shown to vary 
widely in short spaces of time and space, i.e. after food consumption [30], in laboratory studies of 
individual organisms [31], and mixed species oral biofilms [32,33]. Ultimately, it is likely that the 
ability of sialidase to function under a wide variety of pH conditions would enable T. forsythia to 
more effectively colonise the sub- and supra-gingival plaque biofilms, further supporting our 
hypothesis that it is highly active in the environmental conditions in which it resides.  While the 
biochemical basis of this phenomenon is unknown it is possible that surface association of NanH on 
whole bacteria alters the conformation and the local environment of the protein and thus its pH 
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optimum. It is also of note that both the T. forsythia strains 92A.2 and ATCC 43037 displayed this 
trend for activity over broad pH ranges, indicating it is not just restricted to the type strain. In 
addition, several periodontal species have an optimum for growth at neutral-basic pH ranges [34,35], 
while several other secreted virulence factors, such as the gingipains of P. gingivalis and the 
secreted matrix metalloprotease (MMP) karilysin and NanS sialate-O-acetylesterase from T. 
forsythia have pH optima around pH 7±8 [36±38]. 
 
Biochemical study of NanH reveals a broad substrate and linkage preference range 
Once we had established the optimal pH for activity, we utilised the same umbelliferyl substrate to 
establish the Michaelis±Menten kinetics of this enzyme under its optimum acidic pH (pH 5.6), 
physiological (pH 7.4), and physiological-salt-mimicking conditions, i.e. with 200 mM NaCl 
(Figure 2). The affinity (KM) of NanH for MU-NANA at the optimum pH 5.6 condition used in this 
study was determined to be 21.37 ± 1.24 ȝ0, a similar finding to that described by Thompson et al. 
[18], who determined the KM from whole crude lysates of E. coli to be 32.9 ± 10.3 µM (the Vmax is 
not comparable since Thompson et al. performed experiments using cell lysates while we used pure 
protein).  Notably the KM was lower at pH 7.4 (13.8 EXWWKHHQ]\PHHIILFLHQF\ZDVRYHU-
IROGKLJKHUDWS++RZHYHUWKHSUHVHQFHRI1D&OGLGQRWVLJQLILFDQWO\DIIHFWDIILQLW\RUthe 
catalytic efficiency (kcat/KM) of NanH at either pH, i.e.was 55.21 and 48.73 µM/min at pH 7.4, and 
130.1 to 126.68 µM/min at pH 5.6 (Figure 2 B), a surprising observation given that 200mM NaCl is 
mimicks physiological salt concentrations in the body,  
 
While the MU-NANA substrate allowed basic biochemical characterisation of NanH, in order to 
test its activity with more relevant host-like glycans that are likely targeted by NanH at the host-
pathogen interface, we employed a modified version of the thiobarbituric acid (TBA) assay to 
measure the amount of sialic acid released from more complex sialyl-glycans [20,21]. In this work, 
we focused on examining its preference for Į2,3- or Į2,6-linked sialic acid using 3-SL and 6-SL 
trisaccharides, and SLeA and SLeX (Supplementary figure S4) which are known to be present on 
epithelial cell surfaces and in salivary and membrane mucins [39,40].  Colominic acid was also 
exposed to NanH and TBA assays performed WRDVVHVVFOHDYDJHRIĮ-8 polysialic acid (present on 
neuronal cell surfaces), and in this case we detected no sialic acid release (data not shown). This is 
comparable to previous studies where lysates of E. coli expressing NanH showed no Į-8 polysialic 
acid cleavage [18]. 
 
Kinetic studies RIĮ-DQGĮ-6-linked sialic acid using the trisaccharides 3-SL and 6-SL revealed 
that NanH is capable of cleaving 3- and 6- linked sialic acid under physiological-mimicking 
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FRQGLWLRQVZLWKDSUHIHUHQFHIRUWKHĮ-3 epitope (Figures 3 A and C, KM =  and 
 mM, Vmax = DQGIRU-6/DQG-6/UHVSHFWLYHO\$ILQGLQJWKDW
ZDVUHIOHFWHGE\WKHFDWDO\WLFHIILFLHQFLHVZLWK1DQ+GLVSOD\LQJDOPRVWWKUHHIROGJUHDWHUHIILFLHQF\
LQVLDOLFDFLGUHOHDVHIURP-6/(Figure 3 C, kcat/KM = 8655 mM/min and 3038 mM/min for 3-SL 
and 6-SL, respectively). This DELOLW\WRDFWRQERWKĮ-3- DQGĮ-6-linked sialic acid is shared by the 
majority of bacterial sialidases present in human mucosal organisms, although many do display a 
SUHIHUHQFHIRURQHRIWKHWZROLQNDJHVZLWKĮ-3 more commonly observed as a specificity 
preference (Table 1). In the context of oral bacterial sialidases knowledge of linkage preference is 
limitedEXWWKRVHWKDWKDYHEHHQFKDUDFWHULVHGGLVSOD\VOLJKWO\JUHDWHUDFWLYLW\RQĮ-3-linked sialic 
acid which may make sense given high levels of Į-3 sugar in salivary mucins (Table 1).  
 
The activity of NanH against SLeA and SLeX was also assessed (Figure 3B and C). Both possess 
Į-3-linked sialic acid, but different linkages between their other constituent sugars (supplementary 
Figure S4). NanH displayed similar affinity and Vmax for the two epitopes (KM = 1.26 ± 0.24 and 
1.07 ± 0.21 mM, Vmax = 36.11 ± 2.59 and 31.24 ± 2.13 µmol/min/mg NanH for SLeA and SLeX, 
respectively), and the catalytic efficiency of NanH for the two ligands was also similar (kcat/KM = 
1645 and 1675 mM/min for SLeA and SLeX, respectively). Notably, the catalytic efficiency of 
NanH for the sialyl Lewis ligands was over fourfold less than for 3-SL, despite all three possessing 
Į-3 linked sialic acid. This highlights the importance of underlying glycan moieties in sialidase 
activity. While it is difficult to establish Michaelis-Menten kinetics using larger sialoglycans or 
mixed oligosaccharide solutions, NanH has been shown to cleave sialic acid from bovine 
submaxillary mucin and fetuin [38] (containing a variety of mucins representing a complex mixture 
of sialoglycoproteins) and here we show NanH to be capable of cleaving sialic acid from oral cell 
surfaces (Figure 7, supplementary figure S7, discussed below), in line with previous studies [15]. In 
addition to glycan structure impacting enzyme-substrate interactions, our ongoing unpublished 
experiments suggest the formation of dimers and tetramers by NanH in solution (data not shown), 
which may act to increase NanH-ligand avidity. Furthermore, in addition to secreted-extracellular 
NanH, there is evidence that NanH can be localized to the
 
bacterial cell surface [15], and clustering 
of NanH could also occur in this location, further improving avidity. Indeed, differences in 
clustering between soluble and membrane-associated NanH could explain the variation in NanH 
activity under different pH conditions (discussed above). Studies with immunogold labelling could 
be used to investigate clustering of NanH at the surface of T. forsythia, but at present we do not 
have access to antibodies required for such experiments. 
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The NanH sialidase putative CBM is a broad specificity lectin domain  
While the catalytic domains of bacterial sialidases are relatively well-conserved, with signature 
motifs, these catalytic domains are often preceded, followed or flanked in the protein structure (and 
sequence) by domains that may help align the target glycoconjugates via the use of lectin-like 
domains or carbohydrate binding modules (CBM).  One well-known example being that of the 
sialidase of Vibrio cholerae which contains two lectin-like domains (classified as CBM40) that 
appear to co-ordinate its cellular ligands [23,41]. A similar situation might exist in the case of the T. 
forsythia NanH sialidase, where a ~160 aa N-terminal extension exists, which homology searches [9]  
and structural predictions (not shown) show to be distinct from the predicted FDWDO\WLFȕ-propeller 
domain.  However, BLAST and Pfam database searches of this µN-terminal domain¶ do not reveal 
any homology with other documented lectin domains or CBM modules documented in the CAZy 
database [25].  We aligned the mature N-terminal domains of several (putative) sialidases from 
three T. forsythia strains and other closely related Bacteroidetes (Figure 4). This revealed 
significant homology between sialidases from T. forsythia, Bacteroides and Parabacteroides spp. 
and indicated that this domain is conserved amongst sialidase from this group of bacteria. Given the 
incidence of homologues of this domain in a range of predicted sialidases, we hypothesised that it 
might bind relevant sialyl-conjugate sugars with high affinity. In order to establish this the N-
terminal amino acid residues 33-197 of NanH were amplified and cloned from the T. forsythia 
genome by PCR, ligated into pET21a(+) plasmid vector, expressed recombinantly and purified to 
homogeneity as an 18-kDa protein (Supplementary figure S5).  The NanH-CBM is a highly soluble 
domain, with no sialidase activity (as tested using MU-NANA, not shown). 
 
In order to test whether the NanH-CBM is a novel lectin domain protein we performed steady-state 
tryptophan quenching ligand binding experiments on purified NanH-CBM (Figure 5).  NanH-CBM 
has no apparent affinity for the monomeric form of sialic acid Neu5Ac (or di-O-acetylated 
Neu5,9Ac, not shown).  However, it is capable of binding various oligosaccharide glycans in their 
sialylated and non-sialylated forms with Kd in the ȝ0range, indicating that it is a broad specificity 
CBM.  In addition to binding both sialylated and non-sialylated glycans, the finding that NanH-
CBM does not bind monomeric sialic acid (Neu5Ac or Neu5,9Ac) is in contrast to previously 
characterised CBMs from other bacterial sialidases from V. cholerae [41], Streptococcus 
pneumoniae [42,43], and Clostridium perfringens [44] and represents a clear affinity for 
oligosaccharide glycoconjugates, possibly representing its role in docking to and orientation into the 
active site of a broad range of human glycoconjugates that it might encounter in vivo.  We therefore 
believe that the T. forsythia NanH-CBM represents the founding member of a novel CBM family, 
distinct from those of previously characterised bacterial sialidases. 
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Mutation of the FRIP domain of NanH abolishes catalytic but not binding activity 
In this study, we sought to completely abrogate NanH sialidase activity by mutating the FRIP motif 
in order to more fully characterise and probe the activity of T. forsythia NanH and its binding to 
sialylconjugate ligands in the absence of catalytic turnover. To achieve this, we produced a version 
with the FRIP residues mutated to YMAP (NanH-YMAP), which we consider a conservative 
mutation strategy given that Y often substitutes for F in this motif in other sialidases while 
methionine (M) is closer in predicted space-fill to the arginine (R) residue that normally occupies 
this position, and finally that alanine (A) was considered an appropriate substitution for I, since 
these two amino acids are similar in mass and hydrophobicity. These substitutions resulted in 
production of a version of NanH-TF that had no residual sialidase activity when incubated with 
MU-NANA (Supplementary figure. S6B), while still producing a highly soluble protein at high 
levels in E. coli (Supplementary figure S6A). In addition, our group has recently obtained a 
preliminary crystal structure of both NanH-TF and NanH-YMAP, and there are no broad structural 
changes resulting from this substitution (not shown, manuscript in preparation). 
 
To test whether this mutant still bound ligand successfully (a proxy indicator of folding) and that 
the inactivity was due solely to the mutation made and not an inability to co-ordinate or bind ligand, 
we again tested binding via a tryptophan quenching strategy.  As shown in Figure 6, NanH-YMAP 
still binds 3-SL and 6-SL, with higher affinity (lower Kd) for 3-SL than 6-SL, a trend implied from 
the KM data for NanH (albeit representing substrate turnover rather than ligand binding per se).  We 
acknowledge that this data does not discriminate between binding at the active site or in the putative 
CBM, however, we do not observe sigmoidal binding or activity curves, while the Hill equation 
does not indicate any evidence for cooperativity (not shown).  When we performed binding 
experiments with wild-type NanH (Fig. S8) we saw similarly higher affinity binding with the full 
protein (Kd for 3-SL (152 mM) and 6-SL (418 mM)) than the CBM, although the data are harder to 
interpret given the mixture of cleaved and uncleaved ligand likely to be present in experiments with 
active enzyme, especially in the case of 6-SL where turnover is lower.  One outcome of this 
experiment is that we see 2-fold higher affinity in binding experiments for 3-SL and 6-SL for the 
YMAP mutant (and wild-type enzyme) than the CBM alone, suggesting that the alignment of the 
CBM within the mature enzyme increases its avidity for oligosaccharide ligands. These experiments 
build on previous work highlighting the importance of the F/YRIP motif in catalytic function of the 
Clostridium perfringens sialidase [45], where arginine was mutated to isoleucine, resulting in 
reduction in enzyme activity with 3-SL by tenfold.  Overall we have not only confirmed the role of 
the FRIP motif in NanH catalysis, but also revealed that the binding activity of the CBM is 
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enhanced by its association with its cognate catalytic domain. 
 
NanH targets Sialyl Lewis antigens on the surface of oral epithelial cells 
In previous work we had illustrated the ability of NanH to release sialic acid from fetuin [17], while 
Honma et al. [15], illustrated cleavage of Į2,3-linked sialic acid from the surface of gingival 
epithelial cells.  In order to further characterise this enzyme activity, we re-confirmed this cleavage 
RIĮ3-sialic acid from epithelial cells but also Į2,6-linked sialic acid as detected with SNA and 
MAA lectins (Supplementary figure S7). However, to further investigate the previously unobserved 
activity against SLe antigens, we used SLeA- and SLeX-specific antibodies to probe the ability of 
NanH to act on these antigens in their native context, i.e. on oral epithelial cell surfaces. 
 
These experiments revealed that NanH was able to reduce levels of SLeA and SLeX at the surface of 
oral epithelial cells, both by qualitative observation but also by quantifying fluorescence of cells 
treated with NanH, in three separate experiments (Figure 7).  In these experiments, NanH reduced 
staining of cell surface SLeA and SLeX from 3.51 to 1.17 MFI/cell (P = 0.008), and 3.26 to 1.03 
MFI/cell (P = 0.002).  Thus, in addition to highlighting NanH targeting of Į2,3- and Į2,6-linked 
sialic acid on the surface of oral epithelial cells, we have also set this ability in the context of larger 
glycan structures that might be targeted by this enzyme ² and T. forsythia itself ² during its 
interactions with human cells in the oral cavity.  These experiments extend the observations of 
CBM binding and enzyme kinetics by proving that NanH acts upon complex human cell surface 
glycans and build upon our previous work showing cleavage of salivary glycans [17]. 
 
Exogenous Lewis Sugars Influence T. forsythia interactions with human cells  
Since we had shown both an interaction of the CBM with Lewis antigens and the ability of NanH to 
cleave sialic acid from the surface of epithelial cell bound SLeA/X, we now aimed to investigate 
whether SLe antigens were a potential in vivo ligand for T. forsythia during infections.  To achieve 
this, we set up monolayer epithelial cell interaction studies where the oral epithelial cell line H357- 
previously established as a model for bacteria-host cell association [19,46], was challenged with 
live T. forsythia in the presence and absence of sialylated- and non-sialylated-Lewis antigens (all at 
10 nM).  We observed a striking reduction in association, attachment, and invasion of T. forsythia 
during infection of oral epithelial cells in the presence of these ligands (Figure 8).  The most 
striking reduction was seen for invasion, where the proportion of T. forsythia invading the oral 
epithelial cells was 0.84 % in the absence of Lewis ligand, and was reduced by LeX, SLeX, LeA and 
SLeA to 0.54 %, 0.15 %, 0.77 %, and 0.22 % (P = 0. 0001, 0.0001, and 0.2, and 0.0001), 
respectively, with the sialylated versions having the greatest impact.  Importantly, the total number 
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of associated (the sum of both attached and invaded) bacteria was consistently reduced in the 
presence of all ligands tested, and again, the sialylated versions had the greatest impact. Perhaps, 
surprisingly, the amount of attached bacteria (indicating adherence) was not so clearly affected; 
however, this is more difficult to interpret given that strong interaction may well result in 
internalisation of bacteria whereas weakly or non-productive interactions may result in bacteria 
remaining surface associated but not internalised. Between the two sialylated-Lewis ligands, SLeX 
is perhaps the most well studied isomer, known for its role in neutrophil migration, where it is 
expressed on the surface of neutrophils and binds E-selectin  present on endothelial cells, enabling 
crawling motility and neutrophil migration across the endothelium into target tissues [47].  
However, the role of E-selectin in this particular interaction is unlikely given its predominantly 
endothelial localisation and given that knowledge of its expression on normal epithelial cells is a 
subject of debate [48,49]. In the oral context, SLeA/X have been the focus of study due to changes in 
their levels of expression during oral cancer [50,51], making this association with periodontal 
bacteria intriguing in the context of oral cancer exacerbation. Indeed, it would be interesting to 
repeat our experiments on primary normal cells, although it is likely that results would be similar 
given the finding by Honma et al., that sialic acid is important for invasion of and survival within 
normal oral keratinocytes  [7,15]. 
 
 In addition to cell surfaces, the sialylated and non-sialylated Lewis isomers are known to be present 
in secreted glycoproteins, including salivary mucins [52,53]. Considering the apparent abundance 
of SLeA/X in the oral cavity, it is logical that T. forsythia NanH would have evolved with the 
capability of targeting these and other ligands. 
 
Taken overall, these data indicate that SLe antigens are important in host-pathogen interactions of T. 
forsythia, while these data open the possibility that glycan mimics could act as a method to prevent 
bacterial infections in the context of periodontal disease, but also for other pathogens that rely on 
sialylated surface antigens for cell-surface interactions during infection. One area where anti-
infective and anti-inflammatory properties of sialylated oligosaccharide glycans has been postulated 
is their presence in human milk, as Human Milk Oligosaccharides (HMOs) where their beneficial 
influence on gut health via anti-inflammatory and anti-infective properties against gastro-intestinal 
pathogens has been revealed  [54±56]. 
 
CONCLUSION 
 
In this paper, we set out to further investigate the role of sialidase in the pathogenicity of T. 
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forsythia, examining and confirming the role of a novel CBM whose avidity for a broad range of 
oligosaccharides is enhanced by its partner catalytic domain.  We believe that this domain, 
represents DSRWHQWLDOO\QHZVXEIDPLO\RI&%0¶VGLVWLQFWIURPWKDWRIWKHV. cholerae sialidase 
CBM40 domain, the founding member of the only other sialic acid related CBM subfamily [25]. 
We also establish the role of Lewis antigens (SLeA and SLeX) both as catalytic substrates and 
ligands for the NanH-CBM, and also as key ligands for host-pathogen interactions during cellular 
invasion.  This raises the possibility that free oligosaccharides or synthetic analogues could prove 
useful as antimicrobial agents that prevent invasion of bacteria into cells.  These may be useful in 
conjunction with current sialidase inhibitors (e.g. Tamiflu / oseltamivir, and Relenza / zanamivir) 
that function by competitive inhibition of the active site.  One other approach may be inhibitors that 
bind bacterial CBMs directly, a possibility we are currently investigating in studies using compound 
libraries and structure-based approaches. 
 
In addition, given the apparent importance of sialidases in the biology of periodontal and other 
pathogenic organisms, e.g. V. cholerae and S. pneumoniae [57±59] we suggest that an approach 
targeting sialometabolism (via sialidases) may have broad applicability for a range of infections at 
mucosal interfaces. It is also true that periodontal disease is polymicrobial in nature, characterised 
by a dysbiosis where certain pathogens occur in higher numbers and possess community attributes 
that cause disease. Among these attributes one can almost certainly consider sialidase activity, 
given increased sialidase activity in periodontal communities and nanH gene transcription in vivo 
[16,60]. This raises the novel possibility that targeting sialidase activity as well as its ligand-binding 
ability, might be an aspect of the bacterial community worth manipulating to move away from or 
prevent dysbiosis, improving disease outcomes or preventing the onset of this common condition.  
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FIGURE LEGENDS 
  
Figure 1. pH optima of NanH and whole T. forsythia.  MUNANA was incubated with NanH for 
1 min or one of two T. forsythia strains for 30 min, in a variety of buffers with variable pH.  
Reactions were halted and the pH equalised by addition of an excess of sodium carbonate-
bicarbonate buffer, pH 10.5.  Sialidase activity catalysed the production of 4-MU from MU-NANA, 
which was quantified by measuring fluorescence of the reactions at excitation and emission 
wavelengths of 350 and 450 nm.  (A) NanH, (B) T. forsythia NCTC 43037, (C) T. forsythia 92A2.  
Data shown represent the mean of two experiments where each condition was repeated three times 
per experiment.  Error bars = S.D. 
 
Figure 2.  Reaction kinetics of MU-NANA and NanH under different conditions.  Variable 
concentrations of MU-NANA were exposed to NanH, under different pH and salinity conditions. 
Reactions were quenched by addition of pH 10.5 buffer at 1, 2, and 3 min, and the rate of 4-MU 
release determined by application of a 4-MU standard curve.  (A) Michaelis±Menten plot, rate of 4-
MU release (V0, µmol MU released/min/mg NanH), plotted against [MU-NANA] (µM) using Prism 
7 (GraphPad). Data shown represent mean of three experimental repeats for each condition, error 
bars = S.E.M.  (B) Table summarising Michaelis-Menten reaction kinetics and catalytic efficiency 
of NanH and MU-NANA, the table includes the kcat (4-MU release/min), and kcat/KM (µM/min). 
 
)LJXUH5HDFWLRQNLQHWLFVRI1DQ+ZLWKĮ--DQGĮ--OLQNHGVLDOLFDFLGVLDO\OODFWRVHDQG
6/H$DQG6/H;XQGHUSK\VLRORJLFDOFRQGLWLRQV9DULDEOHFRQFHQWUDWLRQVRI-DQG-6/DQG
6/H$DQG6/H;ZHUHGLJHVWHGZLWK1DQ+UHDFWLRQVZHUHVWRSSHGDWGLIIHUHQWWLPHSRLQWVDQG
LPPHGLDWHO\VXEMHFWHGWRWKH7%$DVVD\$SSOLFDWLRQRIDVWDQGDUGFXUYHHQDEOHGGHWHUPLQDWLRQRI
WKHUDWHRI1HX$FUHOHDVH7KHUHDFWLRQZDVSHUIRUPHGLQEXIIHULQWHQGHGWRPLPLFSK\VLRORJLFDO
FRQGLWLRQVP06RGLXP3KRVSKDWHP01D&OS+$0LFKDHOLV±0HQWHQNLQHWLFVRI
1DQ+IRU-DQG-6/DQG%6/H$DQG6/H;)RUHDFKVXEVWUDWHUHSUHVHQWDWLYHGDWDDUHVKRZQ
ZLWKFRQGLWLRQUHSHDWHGWKUHHWLPHVSHUH[SHULPHQW(UURUEDUV 6(0&Table summarising 
Michaelis-Menten reaction kinetics and catalytic efficiency of NanH and 3-SL, 6-SL, SLeA or SLeX, 
the table includes the Kcat (4-MU release/min), and Kcat/KM  (µM/min). 
 
Figure 4.  Alignment of NanH-CBM.  Alignment and image production was performed using 
MultAlin and ESPript, and to establish similarity between aligned residues, percentage equivalence 
with a global score of 0.7 was used. Aligned sequences above the percentage equivalent threshold 
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are framed in blue, and aligned residues above this threshold are shown in red. Strictly conserved 
residues are shown in white on a red background. Alignment of the sialidase-CBMs from three T. 
forsythia (TF) strains (92.A2, ATCC 43037, and UB4), Alistipes sp., NCBI Taxonomy ID: 1262695, 
Parabacteroides distasonis, Bacteroides thetaiotaomicron  (B. theta), and the two B. fragilis (B. 
frag) NanH sialidases from strain 9343. NCBI accession numbers were WP_046826229.1, 
WP_014225510.1, SCQ21971.1, CDD16645.1, WP_036613805.1, WP_055222135.1, 
CAH07505.1, CAH09725.1 respectively. 
 
)LJXUH$IILQLW\RI1DQ+-&%0IRUVLDO\O-DQGQRQ-VLDO\ODWHGJO\FRFRQMXJDWHV1DQ+-&%0
ZHUHH[SRVHGWRVXEVWUDWHVDWGLIIHUHQWFRQFHQWUDWLRQVDIWHUZKLFKWKHTXHQFKLQJRILQWULQVLF
WU\SWRSKDQIOXRUHVFHQFHZDVPHDVXUHGXVLQJDIOXRUHVFHQFHVSHFWURPHWHUDWH[FLWDWLRQQP
HPLVVLRQVIURP±QPZLWKFKDQJHVWRIOXRUHVFHQFHH[SUHVVHGUHODWLYHWRWKHQRVXEVWUDWH
FRQGLWLRQ$%LQGLQJRI-DQG-6/DQGQRQ-VLDO\ODWHGODFWRVHWR1DQ+-&%0%%LQGLQJRI
QRQ-VLDO\ODWHG/H$DQG/H;WR1DQ+-&%0&%LQGLQJRI6/H$DQG6/H;WR1DQ+-&%0'
6XPPDU\RI.GGDWDIRU1DQ+-&%0DQGDOOOLJDQGVWHVWHG'DWDVKRZQUHSUHVHQWWKHPHDQ6'
RIRQHH[SHULPHQWZKHUHHDFKFRQGLWLRQZDVUHSHDWHGWKUHHWLPHV 
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)LJXUH$IILQLW\RI1DQ+-<0$3IRU-DQG-VLDO\OODFWRVH1DQ+-<0$3ZDVH[SRVHGWR-
RU-6/DWGLIIHUHQWFRQFHQWUDWLRQVDIWHUZKLFKWKHTXHQFKLQJRILQWULQVLFWU\SWRSKDQIOXRUHVFHQFH
ZDVPHDVXUHGXVLQJDIOXRUHVFHQFHVSHFWURPHWHUDWH[FLWDWLRQQPHPLVVLRQVIURP±
QPZLWKFKDQJHVWRIOXRUHVFHQFHH[SUHVVHGUHODWLYHWRWKHQRVXEVWUDWHFRQGLWLRQData represent 
the mean of one experiment, where each condition was repeated three times. Statistical difference 
between the two data sets was assessed using an extra sum of squares F-test in GraphPad Prism, 
and the two datasets were found to be statistically different (i.e. applying a single curve to the two 
datasets is not the preferred model, P = 0.002). 
 
)LJXUH1DQ+GHVLDO\ODWHV6/H$DQG6/H;RQRUDOHSLWKHOLDOFHOOV+FHOOVZHUHVWDLQHG
ZLWK$DQWL-6/H$RU%DQWL-6/H;,JUDLVHGLQPRXVHIROORZHGE\VHFRQGDU\VWDLQLQJZLWKDQWL-
PRXVH,J-$OH[D)ORXUFRQMXJDWH3ULRUWRVWDLQLQJFHOOVZHUHWUHDWHGZLWKQ01DQ+LQ3%6
RUXQWUHDWHG²LQFXEDWHGZLWK3%6DORQH$OOLPDJHVZHUHYLVXDOLVHGXVLQJWKHVDPHPLFURVFRS\
DQGLPDJHSURFHVVLQJSDUDPHWHUVIOXRUHVFHQFHLQWHQVLW\H[SRVXUHWLPHDQGEDFNJURXQG
VXEWUDFWLRQ,PDJHVZHUHFDSWXUHGLQWKUHHILHOGVRIYLHZDQGWKLVZDVUHSHDWHGLQWKUHHVHSDUDWH
H[SHULPHQWV,PDJHVVKRZQDUHUHSUHVHQWDWLYHRIHDFKFRQGLWLRQ4XDQWLILFDWLRQRIFHOOXODU6/H$
DQG6/H;ZDVSHUIRUPHGXVLQJWKHPHDVXUHPHQWIXQFWLRQRI)LML,PDJH-VRIWZDUHWRREWDLQWKH
PHDQSL[HOLQWHQVLW\RIWKHJUHHQFKDQQHO6/H$6/H;VWDLQLQJDQGWKLVZDVGLYLGHGE\WKHFHOO
FRXQWQXPEHURIQXFOHLWRREWDLQWKHPHDQIOXRUHVFHQFHLQWHQVLW\0),FHOO(UURUEDUV 6(0
6LJQLILFDQFHGHWHUPLQHGE\SDLUHGW-WHVW3 3  
 
)LJXUH$VVRFLDWLRQRI7IRUV\WKLDZLWKRUDOHSLWKHOLDOFHOOVLVLQIOXHQFHGE\VLDO\O/HZLV
VXJDUV$QWLELRWLFSURWHFWLRQDVVD\VZHUHSHUIRUPHGZLWK7IRUV\WKLDXVHGWRLQIHFWWKHFHOOOLQH
+DWDPXOWLSOLFLW\RILQIHFWLRQ02,RIKRVWEDFWHULDOFHOOVLQWKHSUHVHQFHRUDEVHQFHRI
Q0/H;6/H;/H$RU6/H$DVGHVFULEHGLQPHWKRGV7KHRIWRWDODVVRFLDWLRQ$
$WWDFKPHQW%DQGFHOOXODU,QYDVLRQ&DUHH[SUHVVHGDVRIWRWDOYLDEOHLQSXWEDFWHULD 
'DWDVKRZQUHSUHVHQWWKHPHDQRIWZRH[SHULPHQWDOELRORJLFDOUHSHDWVZKHUHHDFKFRQGLWLRQZDV
SHUIRUPHGWZLFHSHUH[SHULPHQWZLWKWKUHHZHOOV(UURUEDUV 6(06WDWLVWLFDOO\VLJQLILFDQW
GLIIHUHQFHVEHWZHHQDOOFRQGLWLRQVZHUHWHVWHGXVLQJUHSHDWHGPHDVXUHVRQHZD\$129$ZLWK
%RQIHUURQLFRUUHFWLRQIRUPXOWLSOHFRPSDULVRQV 
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Tables 
Site of Infection Organism Sialidase Linkages Targeted 
Linkage 
Preference  Reference 
Respiratory tract 
Streptococcus 
pneumoniae 
NanA Į-Į-6 Į-6 [61] 
NanB Į-3 Į-3 [61] 
NanC Į-3 Į-3 [62] 
Pseudomonas 
aeruginosa 
PAO1 
neuraminidase Į-Į-6 unknown [63]  
Pasturella 
multocida  
NanB Į-Į-6 Į-6 [64] 
NanH Į-Į-6) Į-3 [64] 
Corynebacterium 
diptheriae NanH Į-Į-6 Į-6 [65] 
Gastrointestinal 
tract 
Clostridium 
perfringens 
NanI Į-Į-6 Į-3 [66] 
NanJ Į-Į-6 Į-6 [66] 
NanH Į-Į-6 Į-3 [66] 
Salmonella 
Typhimurium NanH Į-Į-6 Į-3 [67] 
Bacteroides 
thetaiotaomicron VPI-5482 Į-Į-6 Į-6 [68] 
Ruminococcus 
gnavus NanH  Į-3 Į-3 [69] 
Oral cavity 
Porphyromonas 
gingivalis SiaPG Į-Į-6 unknown [13] 
Treponema 
denticola TDE0471 Į-Į-6 unknown [14] 
Tannerella 
forsythia NanH Į-Į-6 Į-3 This study, [18] 
Streptococcus 
oralis NanA Į-Į-6 Į-3 [70] 
Streptococcus 
mitis^ NanA* Į-Į-6* unknown [71] 
 
Table 1.  Sialic acid-linkage preferences of sialidases from bacteria associated with 
different mucosal sites.  P. multocida is a respiratory pathogen of cattle, and can cause wound 
infections in humans. *Not all S. mitis isolates possess sialidase activity, and the ability to target 
both sialic acid linkages is unknown, but presumably both Į-DQGĮ-6 linkages can be targeted, 
as inferred by its homology with NanA from other Streptococci. 
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Supplementary figure S1. Linear Schematic of T. forsythia NanH.  The N- and C-terminal ends 
are indicated. Features include the secretion signal (SS, pink), carbohydrate binding module (CBM, 
blue), the sialidase domain (green).  Other features are also shown; FRIP = FRIP motif, D = Asp 
boxes. 
 
Supplementary figure S2. Alignment of NanH from T. forsythia strains ATCC 43037 and 
92.A2.  Alignment and image production was performed using MultAlin and ESPript, and to 
establish similarity between aligned residues, percentage equivalence with a global score of 0.5 was 
used.  Aligned sequences above the percentage equivalent threshold are framed in blue, and aligned 
residues above this threshold are shown in red.  Strictly conserved residues are shown in white on a 
red background. The consensus sequence is shown below. The secretion signal sequence±CBM and 
CBMʊactive site domain boundaries are delineated by black lines at residues 19 and 183, 
respectively. The FRIP motif is highlighted in a green box, and Asp-boxes in purple.  Sequences 
obtained from NCBI, accession numbers for ATCC 43037 and 92.A2 were WP_046826229.1 and 
WP_014225510.1, respectively 
 
Supplementary figure S3. Purified NanH. SDS-PAGE (12% polyacrylamide gel) of NanH-CBM 
after affinity chromatography, pooling of NanH-CBM-containing fractions, and dialysis. MW 
standard, EZ run pre-stained protein Rec ladder (ThermoFisher Scientific). 
 
Supplementary figure S4. Graphic representation of 3- and 6-sialyllactose, sialyl Lewis A and 
sialyl Lewis X.  SLeA and SLeX are two isomers, comprised of the same backbone of galactose (Gal) 
and N-DFHW\OJOXFRVDPLQH*OF1$FZLWKĮ-3 linked sialic acid (Neu5Ac) at Gal, and a fucose 
(Fuc) linked to GlcNAc. The differences between these two glycans are the Fuc linkage, which can 
EHĮRUĮDQGWKH*OF1$F-*DOOLQNDJHZKLFKFDQEHȕ-RUȕ-3, giving rise to sialyl Lewis A 
and sialyl Lewis X, respectively (SLH$1HX$FĮ-*DOȕ-)XFĮ-4)GlcNAc. SLeX; 
1HX$FĮ-*DOȕ-)XFĮ-3)GlcNAc).  Images rendered in GlycoWorkbench [72]. 
 
Supplementary figure S5. Purified NanH-CBM. SDS-PAGE (12% polyacrylamide gel) of 
NanH-CBM after affinity chromatography, pooling of NanH-CBM-containing fractions, and 
dialysis. MW standard, EZ run pre-stained protein Rec ladder (ThermoFisher Scientific). 
 
Supplementary figure S6.  Purification of NanH-YMAP, which lacks sialidase activity.  (A) 
SDS-PAGE (12% polyacrylamide gel) of NanH-YMAP after affinity chromatography, before 
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pooling of NanH-CBM-containing fractions. MW standard, EZ run pre-stained protein Rec ladder 
(ThermoFisher Scientific).  (B) NanH or NanH-YMAP were exposed to MU-NANA for 1 and 10 
min in the wells of a transparent 96-well plate before imaging under UV-light in a transilluminator. 
The apparent low-level fluorescence of NanH-YMAP in these images is likely due to UV-light 
fluorescence of protein. Negative control (±) was MU-NANA with no protein added. 
 
Supplementary figure S7.  NanH desialylates oral epithelial cells.  H357 cells were stained with 
OHFWLQVIRUĮ-6-OLQNHGDQGĮ-3-linked sialic acid (SNA and MAA, visualised using FITC or Texas 
Red, respectively). Prior to staining, cells were treated with 50 nM NanH in PBS, or untreated 
(incubated with PBS only). All images were visualised using the same microscopy and image 
processing parameters (fluorescence intensity, exposure time, and background subtraction). Images 
were captured in three fields of view. Images shown are representative of each condition. 
 
Supplementary figure S8.1DQ+OLJDQGELQGLQJ-1DQ+ZDVH[SRVHGWR-RU-6/DWGLIIHUHQW
FRQFHQWUDWLRQVDIWHUZKLFKWKHTXHQFKLQJRILQWULQVLFWU\SWRSKDQIOXRUHVFHQFHZDVPHDVXUHGXVLQJ
DIOXRUHVFHQFHVSHFWURPHWHUDWH[FLWDWLRQQPHPLVVLRQVIURP±QPZLWKFKDQJHVWR
IOXRUHVFHQFHH[SUHVVHGUHODWLYHWRWKHQRVXEVWUDWHFRQGLWLRQData represent the mean of one 
representative experiment, where each condition was repeated three times.  

















Tables 
Site of Infection Organism Sialidase Linkages Targeted 
Linkage 
Preference  Reference 
Respiratory tract 
Streptococcus 
pneumoniae 
NanA Į-Į-6 Į-6 [57] 
NanB Į-3 Į-3 [57] 
NanC Į-3 Į-3 [58] 
Pseudomonas 
aeruginosa 
PAO1 
neuraminidase Į-Į-6 unknown [59]  
Pasturella 
multocida  
NanB Į-Į-6 Į-6 [60] 
NanH Į-Į-6) Į-3 [60] 
Corynebacterium 
diptheriae NanH Į-Į-6 Į-6 [61] 
Gastrointestinal 
tract 
Clostridium 
perfringens 
NanI Į-Į-6 Į-3 [62] 
NanJ Į-Į-6 Į-6 [62] 
NanH Į-Į-6 Į-3 [62] 
Salmonella 
Typhimurium NanH Į-Į-6 Į-3 [63] 
Bacteroides 
thetaiotaomicron VPI-5482 Į-Į-6 Į-6 [64] 
Ruminococcus 
gnavus NanH  Į-3 Į-3 [65] 
Oral cavity 
Porphyromonas 
gingivalis SiaPG Į-Į-6 unknown [12] 
Treponema 
denticola TDE0471 Į-Į-6 unknown [13] 
Tannerella 
forsythia NanH Į-Į-6 Į-3 This study, [17] 
Streptococcus 
oralis NanA Į-Į-6 Į-3 [66] 
Streptococcus 
mitis^ NanA* Į-3, Į-6* unknown [67] 
 
Table 1.  Sialic acid-linkage preferences of sialidases from bacteria associated with 
different mucosal sites.  Blue = Respiratory Tract, Green = GI tract, Pink = Oral Cavity.  P. 
multocida is a respiratory pathogen of cattle, and can cause wound infections in humans. 
*Not all S. mitis isolates possess sialidase activity, and the ability to target both sialic acid 
OLQNDJHVLVXQNQRZQEXWSUHVXPDEO\ERWKĮ-DQGĮ-6 linkages can be targeted, as inferred 
by its homology with NanA from other Streptococci. 
 
